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1. Introduction {#sec0001}
===============

The novel coronavirus, 2019-nCoV, known as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [@bib0001], emerged recently in Hubei province, P.R. China \[[@bib0002], [@bib0003]\]. The whole-genome sequence of 2019-nCoV was first released on January 10, 2020 [@bib0004]. 2019-nCoV has a wide range of infection in mammals, including humans. This characteristic of transmission leads to the possibility of transmission from animals to humans. The 2019-nCoV is highly transmissible and can lead to mild to severe respiratory tract infections [@bib0005]. The spread of 2019-nCoV has drawn great attention and created concern worldwide. There have been two coronavirus-related crises in humans since 2003 [@bib0006]. Severe acute respiratory syndrome coronavirus (SARS-CoV) broke out in 2003 and the Middle East Respiratory Syndrome Coronavirus (MERS-CoV) emerged in the Arabian Peninsula in 2012 with a fatality rate of 35% [@bib0007].

Coronaviruses (CoVs) encode replicase complex (ORF1ab), expressed in the form of polyproteins (pp), which synthesize non-structural proteins (nsp) and four structural proteins, spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins [@bib0008], during proteolytic processing [@bib0009]. The main protease, 3CL protease (3CLpro) is a key enzyme in the processing of polyproteins pp1a and pp1ab. ORF1a and ORF1ab are cleaved by papain-like protease (PLpro, nsp3) and 3C-like protease (3CLpro, nsp5) to produce the nsp [@bib0010]. The SARS-CoV 3CLpro has an important function and is considered an active target for antiviral drugs. Many 3CLpro inhibitors have been reported over the past decade [@bib0011] and a variety of inhibitors have been found through screening and structure-based design [@bib0012]. PLpro is an indispensable enzyme in virus replication and infection of the host and is an important target for coronavirus inhibitors.

A recent study showed that 2019-nCoV uses angiotensin-converting enzyme 2 (ACE2) as the entry receptor into host cells [@bib0013]. S protein, a type I glycoprotein on the surface of the virus, plays a crucial role during virus entry into the host cells [@bib0014]. S protein can assist viral binding to the host acceptor, which has attracted great attention because of its function in receptor binding. The receptor binding domain (RBD) of S protein binds to the host cell. A total of 72% of the amino acid sequences in the RBDs from SARS-CoV and 2019-nCoV are identical. However, in 2019-nCoV, the rigid prolyl residues are replaced with a distinct loop with flexible glycyl residues [@bib0015]. A unique phenylalanine in the loop (F486) can penetrate into the hydrophobic pocket of ACE2 [@bib0016] and may play a key role in acceptor recognition. Nsp12 is a viral RNA-dependent RNA polymerase (RdRp) with co-factors nsp7 and nsp8 and possesses high polymerase activity. Four functional proteins in 2019-nCoV, 3CLpro (the main protease), RdRp, PLpro, and S, were studied as potential drug targets. There is no approved antiviral drug for treatment of COVID-19. The fastest way to find anti-2019-nCoV drugs is to screen drugs that are commonly used in the clinic.

Chloroquine is an antimalarial drug made by Bayer in Germany in 1934 to replace natural antimalarial drugs. This drug was found to be efficacious in the treatment of patients infected with SARS-CoV-2 \[[@bib0017], [@bib0018], [@bib0019]\]. Chloroquine inhibited quinone reductase 2, which is structurally similar to UDP-N-acetylglucosamine 2-epimerase, an enzyme involved in the biosynthesis of sialic acids. The possible interference by chloroquine of sialic acid biosynthesis could account for the broad antiviral spectrum of this drug [@bib0019]. Chloroquine can also impair early stage virus replication by interfering with the pH-dependent endosome-mediated viral entry of enveloped viruses as well as the post-translational modification of viral proteins. However, the mechanism of antiviral action of chloroquine against 2019-nCoV is not clear.

Ribavirin is a traditional antiviral drug widely used in the clinic for treating a variety of viral infections but it has no significant effect on SARS-CoV-2 [@bib0020]. In contrast, the new antiviral drug, remdesivir was found to be effective in preventing replication of this virus [@bib0021] and is a possible therapeutic option for COVID-19 \[[@bib0022],[@bib0023]\].

Lianhuaqingwen (LH) is a traditional Chinese medicine (TCM) preparation that has been shown to have broad-spectrum antiviral effects on a series of influenza viruses. LH also showed anti-2019nCoV activity [@bib0024]. Honeysuckle and forsythia are commonly used as antiviral ingredients in TCM and are included in LH. The type and quantity of active components in the TCM formula are vital for the function of the preparation. Forsythia has long been used as an antipyretic, anti-inflammatory and anti-infectious agent in East Asia [@bib0025]. The compounds in forsythia showed antiviral activity against H1N1 virus and respiratory syncytial virus (RSV) [@bib0026], [@bib0027], [@bib0028], [@bib0029]. The main ingredients in honeysuckle exhibit antibacterial and antiviral activities \[[@bib0030], [@bib0031], [@bib0032]\]. Luteolin is the main flavonoid in honeysuckle [@bib0033]. TCM may be an effective alternative treatment for respiratory infections. In 2003, TCM was widely used to treat severe acute respiratory syndrome (SARS). The high similarity in genomic and structural characterization between 2019-nCoV and SARS indicates that TCM may have potential use in the current outbreak [@bib0034]. In this study, the binding of chloroquine, remdesivir, ribavirin and luteolin with the main proteins of 2019-nCoV (3CLpro, PLpro, RdRp, and S) were carried out by computational methods.

2. Methods and materials {#sec0002}
========================

2.1. Sequence alignment and modeling {#sec0003}
------------------------------------

The newly-emerged SARS-CoV-2 nucleotide gene (NC_045512.2) was retrieved from the National Center for Biotechnology Information (NCBI) nucleotide database. The important antivirus drug target proteins like 3CLpro, PLpro, and RdRp are highly conserved between SARS-CoV and 2019-nCoV, particularly in terms of functional sites.

The model of the COVID-19 main protease was downloaded from the Protein Data Bank ([www.rcsb.org](http://www.rcsb.org){#interref0001}). The crystal structure of the COVID-19 main protease in complex with an inhibitor N3 (PDB ID: [6LU7](pdb:6LU7){#interref0002}, chain A) [@bib0035] was chosen as the model of 3CLpro, and the inhibitor N3 was removed. The ligand N3 (N-\[(5-methylisoxazol-3yl)carbonyl\]alanyl-l-valyl-n\~1\~-((1R,2Z)-4-(benzyloxy)-4-oxo-1-{\[(3R)-2-oxopyrrolidin-3-yl\]methyl}but-2-enyl)-l-leucinamide) was used as a control. Recent studies highlighted that SARS-CoV-2 genes share \<80% nucleotide identity and 89.10% nucleotide similarity with SARS-CoV genes \[[@bib0036], [@bib0037]\]. The X-ray structure of PLpro of human coronavirus papain-like proteases was used as the model of 2019-nCoV PLpro (PDB ID: [4OVZ](pdb:4OVZ){#interref0003}, chain A) [@bib0038]. The ligand P85 (N-\[(4-fluorophenyl)methyl\]-1-\[(1R)-1-naphthalen-1-ylethyl\]piperidine-4-carboxamide) was used as a control. The SARS-HCoV solved structure (PDB ID: [6NUS](pdb:6NUS){#interref0004}, chain A) was used for binding since it was the most sequelogous solved structure (97.08% sequence identity) to SARS-CoV-2 RdRp. 6NUS is a SARS-HCoV non-structural protein 12 (nsp12) solved structure (cryo-electron microscopy) with 3.5 Å resolution, which was deposited in the protein data bank in 2019 [@bib0039]. Remdesivir, an antagonist of 2019-nCOV RdRp, was chosen as a control. The model of 2019-nCoV S glycoprotein (PDB ID: [6VSB](pdb:6VSB){#interref0005}, chains A, B, C) [@bib0040] was used as the model for molecular docking. 6VSB was S protein prefusion with a single receptor-binding domain solved structure (cryo-electron microscopy) with 3.46 Å resolution. The ligand NAG (N-acetyl-D-glucosamine) of 6VSB was used as a control.

2.2. Molecular docking {#sec0004}
----------------------

AutoDock Vina software was utilized in all the docking experiments, with the optimized model as the docking target. The screening method is restricted to molecular docking, and molecular dynamics simulation has not been carried out. Remdesivir and ribavirin are RdRp antagonists. Remdesivir may be effective against the new coronavirus; however, ribavirin is invalid. Molecular docking was used to study the binding difference between the two molecules. Chloroquine has been proved to be clinically effective, and its molecular target should be further studied. In the context of TCM in the treatment of new coronavirus, luteolin, the main flavonoid of honeysuckle (the main antiviral component in LH), was selected for molecular docking to further study the drug. Prior to testing the ligands against SARS-CoV-2 target proteins, the structures of the small molecules were optimized using the classical MM2 force field; the active site aspartates of targets were treated as rigid. Potential antiviral drugs were shown by the effective relationship between molecules and receptor targets. Grid box (60 Å × 60 Å × 60 Å) centered at (-28.059, 9.486, 61.528) Å, for the 3CLpro, grid box (60 Å × 60 Å × 60 Å) centered at (-13.953, 51.391, -31.750) Å, for the PLpro, grid box (126 Å × 126 Å × 126 Å) centered at (251.541, 330.170, 152.338) Å, for the S protein, and grid box (126Å × 126 Å × 126 Å) centered at (152.179, 167.664, 166.985) Å, for the RdRp, were used in the docking experiments by utilizing the AutoDock tools.

3. Results and discussion {#sec0005}
=========================

3.1. 3CL protease {#sec0006}
-----------------

N3 molecule is the ligand molecule isolated from the crystal structure of 3CLpro, which was used as the binding site control. According to the analysis of docking results ([Fig. 1](#fig0001){ref-type="fig"} ), the interactions between luteolin and binding sites are highly consistent with that of N3. Luteolin formed five hydrogen bonds with GLN-189, LEU-4, ASN-142 and THR-26, respectively. MET-49 and VAL-3 formed hydrophobic interaction with luteolin. With regard to N3, 3-H bonds were formed with CYS-145 and GLN189. N3 formed a π-cation contact with HIS-41, and hydrophobic reactions with THR-25, LEU-27, LEU-4, VAL-3 and ASN-142. There is a hydrogen bond interaction between chloroquine and GLN-110 at the binding site, hydrophobic reactions with ILE 249, ILE-200, and a π-cation contact with GLN-107. Remdesivir formed 3-H bonds with GLU-240, HIS-246 and PRO-108, hydrophobic reactions with PRO-132 and ILE-200, and a π-cation contact with GLN-107.Fig. 1Binding region of 3CL.Fig 1Fig. 2Binding region of PLpro.Fig 2Fig. 3Binding region of RdRp.Fig 3

3.2. PLpro {#sec0007}
----------

The ligand P85 of PLpro was used as a control. [Fig. 2](#fig0002){ref-type="fig"} shows P85 formed hydrogen bonds with TYR-269. Luteolin formed hydrogen bonds with ASN-180, ARG-105 and PHE-185 in the sites. The interactions between ribavirin and ASP-38 were hydrogen bonds. The binding sites of luteolin and ribavirin are inconsistent with those of the control molecule.

3.3. RdRp {#sec0008}
---------

[Fig. 3](#fig0003){ref-type="fig"} shows remdesivir formed 2-H bonds with TRP-509 and HIS-381, π-cation contacts with PHE-504, and hydrophobic reactions with LYS-508, LEU-401, ASN-386, and SER-384. Ribavirin formed 5-H bonds with LEU-271, LEU-270, ASP-269 and TRP-268. Luteolin formed 3-H bonds with TYR-273, LEU-270 and VAL-330, two π-cation reactions with SER-325 and PHE-275, and two hydrophobic reactions with LEU-329 and PRO-328. The binding sites of luteolin and ribavirin are inconsistent with those of remdesivir; however, the binding sites of ribavirin and luteolin are close, indicating another active site.

3.4. Spike protein {#sec0009}
------------------

[Fig. 4](#fig0004){ref-type="fig"} shows the interactions formed between the ligands NAG, luteolin and remdesivir against the S protein of 2019-nCOV after docking. NAG was found to form 3-H bonds with residues VAL-1122 and SER-1123. In addition, NAG built π-cation contacts with PHE-1121. In luteolin, 4H-bonds were formed with the residues GLN-965, SER-968 and ASN-969. π-cation interaction was formed between luteolin and PHE-970. Remdesivir formed 2-H bonds with ALA-1070 and GLN-1071, and hydrophobic interaction with GLU-1072, as seen in [Fig. 4](#fig0004){ref-type="fig"}. The binding site of remdesivir is close to that of the control molecule NAG.Fig. 4Binding region of spike protein.Fig 4Fig. 5Binding energy.Fig 5

The binding energy of luteolin to the main protease was -5.37 kcal/mol, and that of N3 was -3.63 kcal/mol ([Fig. 5](#fig0005){ref-type="fig"}). The binding energy of luteolin to the active site is even smaller than that of the control molecule, indicating that luteolin has a higher binding activity. With regard to RdRp and S protein, luteolin also has a smaller binding energy. From the point of view of binding energy, luteolin shows strong interactions with the targets of the new coronavirus.

4. Conclusion {#sec0010}
=============

LH may be effective against the new coronavirus. Honeysuckle and forsythia are the main antiviral drugs in the formula. Luteolin (the main flavonoid of honeysuckle) can bind tightly to the main protease of the new coronavirus. Luteolin binds to the active sites of the main protease of 2019-nCOV with a lower binding energy than the ligand of the crystal structure, which implies a possible strong antiviral activity. This study indicates the potential of TCM in the treatment of the new coronavirus. Chloroquine has been shown to be a potentially effective treatment for the new coronavirus; binding with the main protease may be a supplement to its mechanisms of action. Luteolin may be useful in the selection of new compounds that bind specifically to the SARS-CoV-2 main protease sites.
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